Flaxseed (Linum usitatissimum) meal, the main byproduct of the �axseed oil extraction process, is composed mainly of proteins, mucilage, and phenolic compounds. e extraction methods of phenolics either commonly employed the use of mixed solvents (dioxane/ethanol, water/acetone, water/methanol, and water/ethanol) or are done with the aid of alkaline, acid, or enzymatic hydrolysis. is work aimed at the study of optimal conditions for a clean process, using renewable solvents and enzymes, for the extraction of phenolics and proteins from �axseed meal. A�er a screening of the most promising commercial preparations based on different carbohydrases and proteases, a central composite rotatable design and a mixture design were applied, achieving as optimal results a solution containing 6.6 and 152 g kg −1 meal of phenolics and proteins, respectively. e statistical approach used in the present study for the enzyme-enhanced extraction of phenolics and proteins from the ma�or �axseed byproduct was effective. By means of the sequential experimental design methodology, the extraction of such compounds was increased 10-fold and 14-fold, when compared to a conventional nonenzymatic extraction.
Introduction
Flaxseed (Linum usitatissimum) meal is the main byproduct from the �axseed oil extraction process, being primarily used as a ruminant feed. e meal is composed of three important fractions: proteins (over 300 g kg −1 ), which are rich in arginine and glutamine; amino acids that are very important in the prevention and treatment of heart diseases and in supporting the immune system; mucilage (approximate content of 80 g kg −1 ), which is a mixture of neutral arabinoxylans and rhamnogalacturonans, with good water-holding capacities and high viscosity; phenolic compounds, such as p-coumaric and ferulic acids, lignan secoisolariciresinol, which is presented glycosylated ( Figure 1 ) and/or esteri�ed with 3-hydroxy-3-methylglutaric acid to form oligomers. e content of secoisolariciresinol diglucoside in �axseed is 2-3 g kg −1 , and about 10-40 g kg −1 in defatted �axseed powder [1] [2] [3] [4] [5] .
In humans and animals, secoisolariciresinol is transformed by the anaerobic intestinal micro�ora into the mammalian lignans, enterolactone, and enterodiol, which are capable of binding at low levels to estrogen receptors. Additionally, these lignans have antioxidant, hypocholesterolemic, and antiatherosclerotic activities and inhibit the development of type 1 and type 2 diabetes, and mammary, prostatic, and colonic tumors [3, [6] [7] [8] [9] .
Lignans and total phenolic compounds are commonly extracted by using mixed solvents, such as dioxane/ethanol, water/acetone, water/methanol, and water/ethanol, followed by an ultra�ltration step for their recovery. Additionally, they can be extracted with the aid of alkaline or acid (e.g., hydrochloric acid) hydrolysis, but this method could be destructive for the target compounds whether too long heating periods or too high concentrations are used. Since �axseed meal contains mucilage and proteins that could reduce access to the inner seed coat, enzymatic hydrolysis of these components could improve the release of phenolics and also release proteins which could aggregate value to the �nal product, depending on the application [3, 6, [9] [10] [11] [12] . Furthermore, protein hydrolyzates could be applied as food additives, contributing for their functional properties [8] . erefore, the objective of this work was the development of a clean process, based on renewable solvents and enzymes (carbohydrases and proteases), for the extraction of phenolics and proteins from �axseed meal, by using experimental design techniques. [16] . All analyses were done in triplicate using a Shimadzu UV-1800 spectrophotometer.
Materials and Methods

Experimental
Procedure. e �rst step for the process optimization was the screening of the effects of different hydrolytic enzymes acting on polysaccharides and proteins, allowing more phenolics and proteins extraction. Hence, in addition to monitoring phenolics and proteins contents, reducing sugar content was also evaluated which was associated with polysaccharide hydrolysis. For this extraction, two solvent compositions were evaluated: pure (distilled) water and ethanolic solution (100 mL L −1 ). is ethanol concentration was selected as the maximum which could be evaluated for the improvement of the components extraction, with no damages to enzyme activity [17] . For this set of experiments, the �xed conditions used were meal concentration, 0.2 g mL −1 ; temperature, 50 ○ C; time, 1.5 h; agitation speed, 200 rpm. Enzyme concentrations added in each trial were 10 mL L −1 for Ultrazym, Viscozyme, and Alcalase, whereas lower charges were used for Neutrase
, and Pepsin (20.7 g L −1 ), according to their activities, so that, in all experiments where proteases were used, the proteolytic charge was the same. In the trials where Pepsin was used, the pH was adjusted to 3, according to the recommendation of the supplier.
Once the most promising enzyme preparations were chosen, a central composite rotatable design (CCRD) was performed, considering ethanol concentration (0-100 mL⋅L −1 ), meal concentration (0.05-0.20 g⋅mL −1 ), and enzyme concentration (0-20 mL⋅L −1 ) as factors. e proportion between the three enzyme preparations used in these experiments was maintained constant (1/1/1).
e optimized conditions pointed out by the CCRD were used in the following set of experiments, which was a simplex centroid mixture design, in order to determine the optimal proportion between the three enzyme preparations (0-20 mL⋅L −1 for each one) for the release of phenolic compounds. All results from experimental designs were analyzed using the soware Statistica 6.0.
Results and Discussion
Enzyme Screening.
Due to different mechanisms of action towards substrates that can be presented by proteases, such as nucleophilic attack (e.g., serine and cysteine proteases) or acid/base catalysis (e.g., aspartic or metalloproteases) [18] , an enzyme screening considering several proteolytic preparations was performed in order to compare their action on �axseed meal (Table 1) . Some authors used other proteases as �cin, thermolysin, and trypsin in the processing of proteins isolated from defatted �axseed meal reaching 73 to 99% of peptides with a size below 1 kDa [19] [20] [21] .
Both pectinases-based (Ultrazym) and hemicellulasesbased (Viscozyme) preparations presented a considerable action on mucilage hydrolysis, evidenced by the higher release of phenolic compounds and proteins, generally improved in the presence of ethanol. Some authors reported the use of polysaccharide-degrading enzymes, alone or in combination, to enable the utilization of �axseed meal as animal feed, lowering in 34.7% mucilage content with combination of cellulase, mannase, and pectinases [22] , while others applied these enzymes and soaking with sodium bicarbonate solutions for the improvement of extraction and recovery of �axseed proteins [23] . e authors showed similar results regarding protein recovery (70%) when they used a seed concentration of 0.2 g mL −1 , in a solution containing 0.01 M acetate buffer, pH 4.0 at 40 ○ C, and the preparation Viscozyme for 3 h, and a treatment with NaHCO 3 0.10 M for 12 h, 30 ○ C, using a ratio seed/solvent 1/10.
Use of cellulases was also reported, aer sequential extraction with 70 mL L −1 methanol during 16 h followed by 0.1 M sodium hydroxide hydrolysis during 6 h, for mucilage hydrolysis and observed improved release of phenolics from �axseed hulls. e hull concentration used was 0.025 g mL −1 , at 40
○ C, for 6 h and 0.1 M citrate-phosphate buffer pH 2.8. Using these conditions, the maximum secoisolariciresinol concentration obtained was 40.75 mg⋅g −1 [9] . In another work, the authors used cellulases only for the aid of the solubilization of �axseed meal proteins by 0.5 M NaOH [19, 21] . Whereas, another systems already have been tested without enzymes, using 700 (mL L −1 ) ethanol, at 40 ○ C for 28 h achieved 89.75 mg g −1 of lignans from �axseed meal [3] , or using pressurized (5.2 MPa) low polarity water at 170 ○ C obtained 21 mg g −1 of lignans, pH 9 with meal concentration of 0.01 g mL −1 , and 225 mg g −1 of proteins using water at 160 ○ C, 5.2 MPa, pH 9, and meal concentration of 0.005 g mL −1 , during 3 to 7 h [24] , or aided by nonthermal energies, as microwave and ultrasound, using 400 (mL L −1 ) ethanol for presoaking of defatted �our of �axseed hulls with 80 W ultrasonic treatment for 5 min and 130 W microwave irradiation during 90.5 s reaching 11.7 g⋅kg −1 of secoisolariciresinol [25] .
Amongst the evaluated proteolytic preparations, it was observed that ethanol inhibited slightly the action of Pancreatin, Papain, and Flavourzyme. Despite that, the content of phenolic compounds and proteins was increased in comparison with the control conditions (without enzymes), with 5.1-fold and 3.5-fold increment, respectively. Although Pancreatin promoted the best results for phenolics release, the �nal solutions obtained (using both solvent compositions) presented undesired organoleptic characteristics. For this reason, Alcalase, which was the second best proteolytic preparation, was selected for further experiments.
Central Composite
Design. e preparations Alcalase, Ultrazym, and Viscozyme were used for the CCRD, which allowed the determination of optimized conditions in terms of ethanol concentration in solvent, meal concentration, and enzyme concentration. Experimental results (Table 2) were analyzed in Statistica 6.0. For each response, the statistic models were adjusted in order to present the highest coef�cient of determination ( 2 ) with all terms statistically signi�cant (P value < 0.05) [26, 27] . en, optimized conditions were calculated by response surface methodology using the global desirability approach. For this, each one of the three response variables was converted to individual desirability functions (which varies from 0 to 1), and then the global desirability function (objective function) was calculated as a geometric mean of all individual desirability functions [26] .
e relevant terms were all three linear terms of factors, quadratic term of the ratio meal/solvent, and interaction between linear terms of ethanol concentration and ratio meal/solvent with adjusted 2 of 0.613, 0.937, and 0.883 for phenolic compounds, proteins, and reducing sugars, respectively. e multiresponse optimization was programmed with focus on the maximization of the phenolic compounds' extraction, so that the other response variables were maintained at intermediate values. With this scenario, the global optimal conditions were pure water as solvent (ethanol concentration equal to 0 mL L −1 ); meal concentration, 0.152 g mL −1 ; total enzyme concentration (the sum of the three preparations, equally added), 20 mL L −1 . ese conditions obtained were not surprising since at Table 1 can be veri�ed, in presence of 100 mL⋅L −1 ethanol, the extraction of phenolic compounds had been decreased when using Viscozyme and Alcalase, and with a high enzyme content, the proteins and polysaccharides were faster degraded, and more phenolic compounds released from �axseed meal.
Mixture
Design. e optimized conditions pointed out by the desirability approach were considered for the mixture design, where different proportions between the preparations Ultrazym (Pe, pectinase), Viscozyme (H, hemicellulase), and Alcalase (Pr, protease) were investigated (Table 3) . Using the modi�ed full cubic model, the parameters' coe�cients which were statistically signi�cant were linear terms of hemicellulase and protease, and the interaction between pectinase and protease with adjusted 2 0.761. Focusing on maximizing the phenolic compounds content (mg⋅g −1 ), the optimized enzyme formulation for use in phenolics extraction from �axseed meal should contain 6.9 mL L −1 of Ultrazym and 3.1 mL L −1 of Alcalase (Figure 2 ). Statistical analysis indicated that, with this optimized conditions, hemicellulases (present in the preparation Viscozyme) were not necessary. Phenolics, proteins, and reducing sugars contents predicted in the optimized conditions were 6.6, 152, and 25.4 mg g −1 , respectively. When compared to the enzyme charges used in the former design, the volumes of both enzyme preparations were reduced, without signi�cant loss in the recovery of the target compounds. erefore, the use of a mixture design subsequently to a CCRD showed important improvement in the process for extraction of phenolics and proteins from �axseed meal.
Conclusion
e use of several commercial enzyme preparations for the extraction of phenolics and proteins from the major �axseed byproduct, �axseed meal, was investigated. Two carbohydrase-based preparations (Ultrazym and Viscozyme) and an alkaline protease-based preparation (Alcalase) were used in a central composite rotatable design, where the optimal conditions pointed out were meal concentration of 0.152 g mL −1 and total enzyme concentration of 20 mL L −1 , in a system containing only pure (distilled) water as solvent. When evaluated in a simplex centroid mixture design, the optimal charges of the enzymes were 6.9 mL L −1 for Ultrazym and 3.1 mL L −1 for Alcalase, thus reduced as compared to the former optimization. At the end of the sequential optimization, the concentrations of phenolic compounds and proteins in the hydrolyzates were increased 10-fold and 14-fold, respectively, in comparison to the control (without the addition of enzymes) experiment. e process proposed in the present study is a promising and alternative technology for the recovery of valuable components from an agricultural byproduct, meeting sustainability criteria due the use of a green solvent and renewable catalysts.
